The 7" Non-LTE Code Comparison Workshop

December 5-9, 2011

Vienna, Austria

Submission of Calculations

This document is intended to define the particutdrhe workshop submissions. In the sections
below we will define the case problems, the congmeriquantities which we require and the
detailed format of the data files that we will bgecting. The problems are (normally) defined
by a specification of thelectron temperature andelectron density. The goal is to compare the
kinetic codes and therefore the problems are ‘Bérensional’, i.e., there are no consideration
of plasma non-uniformity, boundary effects, or heparticle interactions.

The webpage of the meeting is l&tp://nlte.nist.gov/NLTEZ The submission files are to be
uploaded to the same server nlte.nist.gov usingla imterface with userid and password. Both
will be provided to the participants upon requestytiri.ralchenko@nist.gavTo reduce the
server load and accelerate the upload, it wouldhbst convenient if the contributor(s) created
an archive file containing all the individual resiilles. Submissions employing any modern data
compression techniques (e.gip/gzip/bzip2/arj/lha/rar ) along with the Unixar
archiving utility will be accepted. Also, please farm Yuri Ralchenko (email:
yuri.ral chenko@i st . gov) when new files are uploaded.

Timeline:

November 10 — submission deadline
November 20 — online database available
December 5 — workshop opens
December 9 — workshop adjourns
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.  STATEMENT OF CASES

We have selected a number of atoms to considerfcarehch atom we are requesting results on
a grid of electron temperatures and electron dessiin the following, temperatures are given in
eV, particle densities in cfytime in seconds.

The following problems have been established fercises:

Element Case ID Vol & Parameter
Cases
Neon Ne 6%6 Te 10,30
Ne 1010 107°
Spectra Range (eV) |Resolution (eV) # of points
1-250 AE =0.05 301

Each case is to be calculated for six differentiga

Extra info of nyha: ONly g.s. included, 3,4,8,12,
Argon Ar 12 Te 10,20,40,60,80,100
Ne 10%,10%°
Extra info Inclgde o7r+1ly tr;+e specifi+ed below EA/DR (;hannels for
Ar®* Ar’* Ar®* and AP* (Mg- through F-like ions
Argon ArTD 3 Ne 10,108,106
Te 50
Spectra Range (A) | Resolution (A) |  # of points
4.17-4.2 AX = 0.0001 301
40-50 AL =0.01 1001
400-800 AL =0.1 4001

Time dependence:
t(0)=0, t(1)=10"°s, t(i) =t(i-1)*dt for i=2..200;
dt = 1.15 for N=10",
Extra info dt = 1.10 for N=10',
dt = 1.08 for N=10%.
Initial condition: ALL population is in configurain
1s242p°3p.

4 kBar/361 J (cas®)

Krypton Kr 3 Pressure/Energy 4 kBar/235 J (cas@)
7 kBar/306 J (cas®)
Spectra Range (A) | Resolution (&) | # of points
Case 1 5.8-7.8 AX =0.001 2001
Case 2 5.8-7.8 AA =0.001 2001
Case 3 5.8-7.8 AL =0.001 2001




The pressure anehergy are given simply to ident
Extra info the cases. TheN . values are to be determined f
the best fit of experimental spectra.

Tungsten W 6 Te 2500, 3900, 5000, 7000, 9000, 12000
Ne 10"
Spectra Range (A) | Resolution (&) | # of points
For 3900 eV 3-9 AX=0.002 3001
For 5000 eV 25-33 AX=0.004 2001

Table I. Case definitions.

The grid of plasma temperatures and densitiesvisngn Table |. If your calculation requires an
ion temperature, then you should assume it is id&lb the electron temperature.

Each calculation will be referenced by a case navh&h is to be given in the submission data
file (as described further below). The case nameoisstructed by appending a suffix to the
Case_ID shown in the preceding table. The suffixsegis of one or more digits. For most of the
cases, the first digit corresponds to the electeomperature, and second to the electron density.
Correspondingly, the Argon case withT40 eV and = 10%° cm® will be referred to af\r32
since 40 eV is the third value in the list ofahd 16° cm* is the second density. The neon cases
will have a third digit indicating the highest pripal quantum number in the model (1 for
ground-state-only case etc.), e.je213 corresponds to 30 eV, Tocm™ and ma=4.The
tungsten case of 12 keV/Tcm?® will be referred to agv31 and so on. The krypton cases will
be identified by one digit only, that is, the 4 kBB%1 J case will b&r1 and so on.

The quantities to be computed for each case arerided below. Most of the cases will also
requirecalculation of emission spectrAll cases but thé&rTD should be calculated in a steady-
state condition.

The submissions file should be named<aase>.<contributor_name>.<code_name>so that
Dr. A. Einstein’s calculations with his code GTait bne of the Argon cases would be in the file
ar31l.einstein.gtoe (case insensitive).



Il. JUSTIFICATION OF CASES AND DETAILS
1. Ne

The Ne case is designed to explore convergenceRofm@dels with the highest principal
guantum numbenma included in a model. Accordingly, we ask the p#maats to perform
calculations for six different cases pefN. combination: first with only ground states inchall
and then for five different values of.x= 3, 4, 8, 12 andnhfinity (e.g., the highest.y your
particular model can handle). Please include caaotim (ionization potential) lowering using the
ion densityN; = N,/Z. Again, the last digit in the case names will bferred to the,ax value,
e.g.,Ne235 for 30 eV, 16° cm® and nma=12 andNe231 for the ground-state-only calculation.

2. Ar

The steady-state case for Ar aims at the in-depaiyais of dielectronic recombination (DR) and
excitation-autoionization (EA). As we found at NL&;: all participating codes virtually agree
when EA/DR are excluded, and therefore a betteersta@nding of how EA/DR are treated in
different models becomes a timely undertaking. Anecalculation should include onlfour
ionization stageswhich are simple yet representative of contribngioof An=0 and An#0
channels. The table below specifies the autoiogigiates which are to be included for DR from
F-, Na- and Na-like ions:

» Intermediate states Intermediate states
lon Initial states
(An=0 channels) (An>0 channels)
2)%3In'l' (n>3
F-like A" [(2)’ 2)'nl (@) (n23)

(2)%4In'T" (n'>4)

(2)"3In'l' (n'>3)

Ne-like A" [(2)° .
(2)"4In'l" (n'>4)

(2)4In'l' (n'>4)

. 7+ 8 8np
Na-like Ar (2)°3l (2)°3I' ni (2)73I3I'n"l" (n">3)

Table Il. Autoionizing states for the steady-statease of Ar.

The allowedn'l values of the captured electron may be diffenertifferent codes. Notatior)®
denotes all possible combinations of 6 electrons=i shell, i.e., £2p’, 2s2p® and 2°. Please
note that for this case the kinetic parameters.,(engan ion charge) will not be a subject of
comparisons, we will exclusively focus on EA/DR.



It is crucial that the participants provide detailed kinetic information not only for
ion stages but also for states/levels, otherwise it will not be possible to efficiently
address the most outstanding problem of this meeting.

3. Ar-TD

The time-dependent case for Ar was inspired bys#tective K-shell photoexcitation that can be
accomplished on the existing XFELs, such as LCLBe TGoal here is to study the density-
sensitive collisional-radiative cascades and pdjmaredistribution in Ne-like Ar, and
especially the ensuing emission in x-ray, soft xaad EUV parts of spectra. It is assumed that
at time t=0all population is in the 1s22p°3p configuration. Since this configuration has two
terms (P and®P) and four levels, the detailed-structure codesulsh assume statistical
distribution of population with 1s22p°3p.

The first time step is I8 s for all three densities. The following 199 ldgiamic steps depend
on the electron density as given in Table I. Thpytation output is requested at every' Hiep
(total of 20 points) while the spectra output skoble integrated over the whole time of
calculation. For this case, the level populatioforimation may be omitted if it becomes
prohibitively extensive.

4. Kr

The objective of the Kr case is to discuss in déiawv different researchers approach analysis of
experimental spectra. The Kr gas jet measuremeeats performed on LULI2000 facility and
provided well-resolved time-integrated spectra leew5.5 and 8 A as well as four time-resolved
frames (0-4 ns) between 20 and 220 A. The Thomsattesing measurements were used to
determine plasma density and temperature, howeweal itheoretical analysis showed rather
different values of I We ask the participants to do their best (e.g.restrictions and/or
recommendation on the CR model to be used) antbtexplain the three experimental spectra
of Fig. 4(b). The case names will Kel for 4 kBar/361 J andKr2 for 4 kBar/235 J and Kr3

for 7 kBar/306 J. Note that this analysis may require account afoity effects.

The experimental spectra of intensities vs. wagtlermre available dittp://nlte.nist.gov Also
the 20-220 A spectra for the 4 bar/230 J shotraettimes (Fig. 7 of the original paper) can be
downloaded. We do not plan to compare the timelvedospectra but they can be used to
deduce plasma parameters needed for time-integsatedations.

Again, N;: and T should be treated as unknown fit parameters tddtermined from the best
agreement between theoretical and experimentatrspec

5. W

This is a continuation of the effort started at NB-% with calculation of ionization balance and
radiative power losses for W in magnetic fusiorspias (see AIP Conference Proceedihtf}],



p. 242 [2009]). Here we, on the one hand, add a s@ectral range in soft x-ray to compare
against available experimental data, and on therptduggest comparisons with our previous
calculations. Moreover, the lowstase was found to show the largest disagreemeraragared
with experiment.



. SUBMISSION FILE DESCRIPTION

We are asking for a fairly large amount of inforroat To simplify the specification for the
contributors we have adopted a keyword approachinwihe submissions file. In this approach,
all quantities are space delimited. In Section \& gwe a schematic of the file format. For
clarity we will use thecourier  font to indicate the keywords (the actual submissishould be
unformatted plain ASCII text). The user-suppliedaddnat are problem-dependent are indicated
by a bold-face parameter name in brackets (e.gpop_frac>). We anticipate that not all
information will be provided by every user. Howeveince the information is space delimited,
and not fixed in a particular column, theamevalue must be given for each field. The best
default value is to put a zero. The longer recosdsh as then andelev lines, may continue
over several lines at the contributor’s discreti@o not break a line in the middle of a keyword
or a number. Blank lines may be used anywhere mitin¢ file to make the text more readable.
While some of the names we use suggest integertijean please use decimal values if
appropriate to your calculation. For floating pomimbers, arell.4 format is generally
adequate although for level energies a high acgureay be necessary. The exact definitions of
the quantities requested, including units, aremgineSection V.

The submissions file is structured in 5 sectionsese sections are identified by keywords. In
some cases, an integer follows the section keyworohdicate the number of records which
follow for that section. Some codes will not beeabd provide information for every section.
Thus, an entire section may be omitted. If all infation is provided, then there will be a certain
amount of redundancy. This redundancy is intentiand has at least two uses. First, it can be
used to detect errors in the file formatting. Sektom is often possible to compute overall
guantities more accurately internal to the kinetiode than by post-processing the results.

Theinitial sectionprovides general problem identification informatid his section begins with
the keyworddata .

The second sectiogives overall quantities describing the plasmautetipn and energy
distribution. This section is signaled by the keyvsummary_quantities . Note
there are no spaces in the keywords.

The third sectiongives information by ionization stage. This seattis signaled by the
keywordion_stages . Within this section, information for each ioniipat stage begins
with the keywordion . As mentioned above, multiple lines may be usedk#ired (we
intentionally used multiple lines in the schemdfie listing below to improve its
readability). Important note: we usé&lkound>, the number of bound electromgt the
ion stage charge, to label the ion stages.

The fourth sectiongives information by energy level (keywomhergy levels ).
Since many codes employ some form of continuum timgeand/or moving calculational
windows, we require that energy level definitiores grovided for every case. The shell
occupation numbers<fccK>, <occL> etc.) as defined for eaddev record will be
used to compare codes for the cross-over from @elalike de-excitation regime to one
which is in Saha-Boltzmann equilibrium with the tooum.

Finally, thefifth sectioncontains calculated spectral characteristics.



A relational database tool will be used to man&gediata during the course of the workshop.

If necessary, additional clarification regardingettsubmission format will be provided at the
Workshop's web site.




IV. SUBMISSION FILE FORMAT

The text that follows is a schematic of a submissifile:

data <user comment... >
case <case_id>

code <name>

atom <name> <Znuc>
calctime <CPU> <human>

summary_quantities

plasma <Te> <Ne>

time <time>

zbar <zbar>

m2 <2nd central moment>

m3 <3rd central moment>

eint <internal_energy>

deintdt <dE;/dT &>

pfn <partition_fn>

nmax_eff <n_value>

ploss <Ppp> <Py> <P¢> <Powa™

ion_stages <count>

ion <Nbound> <pop_frac> <nouter>
<Stot> <](_Sboll> <f_sbhoto> <f_%uto>
<utot> <f_u<:oll> <f_aohoto> <f_uauto>

ion <Npoung™> <pop_frac> <nouter>
<Sot> <f_S:oII> <f_S)hoto> <f_Saut0>
<atot> <f_a<:oll> <f_uDhOIO> <f_uauto>

energy_levels <count>

elev

elev

<Npoung™> <level> <stwt> <energy> <population>

<Tior> <f_Tcomb™ <f_pnotons™ <f_Tcomr™ <f_Mphoton™ <f_auo™
<Bror> <f_Ooiip™> <f_Ophotobt™ <f_Ocorr™ <f_Ophotobr> <f_Oauto™
<occK> <occlL> <occM> ... <nouter>

<Npoung™> <level> <stwt> <energy> <population>
<Tor> <f_Tcobb™ <f_Fonotons™ <f_Tcomr™ <f_Mphotobt™ <f_Maue™
B> <f_Ooiibp™> <f_Ophotobt™ <f_Ocorr™ <f_Ophotobr™ <F_Oauto™

<occK> <occL> <occM> ... <nouter>

The energy levels are to be provided for all steathfe cases (optional for time-dependent
cases).

Spectrum Output

For the cases where we request spectra, the dpedbranation will be given in this same text
file, following the information above. The spectruil be in the format:



spectruml <case> <count;>

<wavelengthl> €ppl> <gyl> <gl> <gior1>
<wavelength2> €pp2> <gy2> <g2> <go12>
<wavelengthN> €ppoN> <gpN> <ggrN> <gtN>
spectrum?2 <case> <count>

<wavelengthl> Sppl> <gpil> <gfl> <got1>
<wavelength2> €pp2> <gy2> <g2> <go12>
<wavelengthN> CppN> <gpN> <ggN> <gtN>
spectrumw Z1 Z2

<wavelengthl> < eppl_Z1> < gppl_Z2>

where wavelengths/energies are in A/eV, and spedor bound-bound (bb), bound-free (bf),
and free-free (ff) transitions are explained later.
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V. DEFINITIONS OF REQUESTED QUANTITIES

Before proceeding to a detailed description of thgquested quantities, we would like to
comment on the ion density. In absence of heaviigbarinteractions, the influence of ion
density would mostly be exposed through the iormmatpotential lowering. To provide a
description ofN;, for all cases the electron and ion densitiestarbe related via the plasma

neutrality condition, i.elN; = N, /Z.

In section 1the identification section, the following quargs are requested:

data

case

code

atom

calctime

In section 2thesummary_quantities

plasma

time
zbar
m2
m3
eint
pfn

Calculation identifier and user comment line. Coeninshould
be limited to this one line only and should includee

contributor’'s name, institution, the version of tt@de, and the
date at which calculation was run. This can be lirae in

maintaining order in large number of submissions.

All calculations will have a case identificatiorf the form
Arl2 or the like (see Section I). These identifiers assigned
in the section below where the specific calculagiane called
out.

An identifier for each contributor's code whichyrae chosen
by the contributors. For convenience in post-preices and
tabulation the names should not be excessively. [bhg names
will be used in all tables and graphs of compas@mnd must
be the same from case to case.

Identifies the atom under study. The fiekhame> is a
convenience for the contributor. In many cases;utalions are
driven by atomic data found in a file. The ff@ame>may be
used to specify that name. The fied@nuc> is the nuclear
charge of the atom.

Provides information on the CPU time (computeryl datal
time (human) spent on calculation of this particalase.

11

section, the following items are requested:

This record specifies the plasma conditions usetis calculation.
The electron temperature is in units of eV. Theteten density is
in units of cm3.

A value (e.g., zero) for steady-state cases.

Average charge of the plasma.

Second central moment of the charge state disiitou
Third central moment of the charge state distityut
Specific internal energy of the atom.

Partition function of the atom.



nmax_eff For this calculation, the principal quantum numbefr the
outermost electron in any bound state. We will berested in
sensitivity of comparison quantities to the highbsund states
accounted for by the model. This quantity will als® used as a
measure of continuum lowering.

ploss The radiative power losses: bound-bound, bounel-ffeee-free,
and total. Units: erg/sec/ém

Thecentral momentsare defined as:

wherey; is the fractional population of ion stage g is the ion charge, ar Z s the average
charge.

The specific internal energyis the sum of level populations;, multiplied by their energy
value,E;, divided by the total ion density:

E.n.
E-FZ il
n J N .

The energy reference is the ground state of th&adeatom. We recognize that a kinetics model
may not include all ionization stages of the atothe-ground state of the most neutral ion is the
most reasonable substitute. For intercomparistins quantity will likely need zero point shifts.
Units are eV/atom.

The specific heatis the derivative with respect to electron temperof the specific internal
energy of the atom. Units are eV/atom/eV. If conepuby finite difference, the step size is to be
chosen by the contributor.

Thepartition function is defined as the classical partition function:

Q=2 9,&xp[~E,/T,|
J

whereg; is the statistical weight of levehndE; is the energy of the level, with respect to the
ground state of the most neutral ion.

The totalpower lossis the most important quantity, so that if one dé§iculties separating
different contributions, then it would suffice tave zeros in fields other tha®oq>.

Note that many of the "thermodynamic" quantitiee artentionally sensitive to continuum
lowering models. Quantities possibly affected eeent> and<pfn>. If your continuum lowering
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model alters the energy levels or statistical wesiglplease include these effects in the
appropriate "thermodynamic" quantities.

High-lying bound states can be included in the petpn kinetics in a variety of ways. The field
nmax_eff is intended to give information on the highesttyibound state, which is affecting
the calculation of the populations. It is thus'affective" principal quantum number. If a code
includes a level, which accounts for more than onalue, then for this field we recommend
giving thelargestvalue that is being modeled.

In section 3theion_stages section, the following quantities are requested:

<Nbound> The number of bound electrons in this ionizatitays.

<pop_frac> The fraction of atoms in this ionization stage.nSover all ions should be
normalized to unity.

<nouter> The principal quantum number of the outermosttedacfor any state in this ion
stage.

<S> The total (effective) ionization rate out of thig stage, averaged over all initial
states in this ion stage (weighted by the fractipo@ulations of the initial states),
and summed over all final states. This quantityfuikher summed over all
ionization processes.

<f Seor> The fractional contribution of electron collisidn@nization processes tdSg:>.

<f Snote>  The fractional contribution of photo-ionizationogesses t&or>.

<f Sauo> The fractional contribution of auto-ionization pesses to S:>.

<Olior> The total (effective) recombination rate out oistion stage, averaged over all
initial states in this ion stage (weighted by thecfional populations of the initial
states), and summed over all final states. Théstity is further summed over all
recombination processes.

<f Qcor> The fractional contribution of three-body recomlitioa to the total €.

<f_Qpnote>  The fractional contribution of radiative-recomttioa to the total €.

<f Olauo> The fractional contribution of dielectronic capyprocesses to the totalls:>.

We note that the total effective ionization andorabination rates are rates, and not rate
coefficients. It is also important to be precié®ua the direction of these total ratesSq& is

the total effective rate out of the indicated iatoithe more ionized ion. SimilarlygQ.> is the
total effective rate out of the indicated ion itie less ionized ion.

The definitions ofS.; and Q. are best clarified through an example. Consid#ree-ion stage
problem consisting of levels in Li-like, He-liken@ H-like ions. For the He-like o0& is the
sum of all ionization ratesut of He-like, weighted by the appropriate He-liketial state
populations, and summed over all final states enHHKlike ion. The averaging over initial states

is completed by dividing the above sum by the tptgbulation of the He-like ior for the
He-like ion is the sum of all recombination rates of He-like, weighted by the appropriate He-
like initial state populations, and summed overfiathl states in the Li-like ion. The averaging
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over initial states is completed by dividing theoa® sum by the total population of the He-like
ion. With these definitions, we can define a debaization rate equations. In the case of the
He-like ion, we write:

dn(He)

Tt =i H IN(H )= a0, He|+S ,(He)[n(He|+S , (Li In[Li).

Units of <S> and<a,:> are 1/sec.

In section 4theenergy_levels section, the following quantities are requested:

<Nbound> Identifies the ionization stage to which this gyelevel belongs. As always,
this quantity is the number of bound electronshimlevel.
<level> A sequential level number within this ionizaticlage. This index begins at 1

within each ionization stage for use as a labemivdel comparisons. The
ground state of each ion stage will be identifigddrating the state of lowest
energy within the ion stage.

<stwt> The statistical weight of this energy level.

<energy> The energy of the level relative to the overalld®lo lonization potentials will
be obtained by subtraction of successive grouni saergies. Units are in
eV. The overall energy reference is the grouncestathe most neutral ion in

the problem.

<population> Thenormalized ion density of this levelSum of all level populations over all
ions is unity

<[ o> Thetotal destructionpopulation fluxof this level. Units are 1/seblote that

the definition of this parameter is different frahe previous meetings (it used
to berate, notpopulationxrate).

<f coiss™> The fractional contribution of electron collision excitation/dregtation
processes tal o>.

<f_I photoB8> Thefractional contribution of bound-bound radiation processesltg:>.

<f [coisr> The fractional contribution of electron collision ionization-renbination
processes tal or>.

<f_T"photoBF> Thefractional contribution of photo-ionization-recombination<bo>.

<f Tauto™ The fractional contribution of auto-ionization/dielectronic recbimation
processes tal o>.

<Op> The total creation population flux for this level. For sigastate condition
|<@wt>| = | wr>|. Units are 1/sec.

<f Ocos> The fractional contribution of electron collision excitation/dge#tation
processes ta@y>.

<f Ounotoss>  Thefractional contribution of bound-bound radiation processes@g,>.
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<f_Ocoisr> The fractional contribution of electron collision ionization-renbination
processes taGr>.

<f_Ounoose>  Thefractional contribution of photo-ionization-recombination<t@;o:>.

<f Oauto> The fractional contribution of auto-ionization/dielectronic recbimmation
processes taGr>.
<occkK> Occupation number: for this energy level, the hamof electrons in the K

shell. Users of configuration interaction codegmiwish to use the dominant
configuration to assign this value.

<occL> The number of electrons in the L shell.

<nouter> The principal quantum number of the outermosttededn that energy level.

In other words['n oes describe all processes originating from &qudar level while® rates

describe all processes ending on this level. Fstairce, @y for a leveli is a sum of
populatiorxrate products for all levels connected:to

O =) POP xR; .
J

The shell occupation numbersoccK>, <occL>, etc.) could be variable in number for each
code, plasma condition, and energy level. Contoiisuare not constrained on this point: they
may specify as many shells as necessary, and e@san¢lto their calculational approach. The
final entry for this energy level record shouldthe principal quantum number of the outermost
electron in that level. In the case of highly-¢edilevels, the shell occupation numbers may be
simplified by only specifying the coreNbound>-1, electrons. In this case the fieldouter>

will be used to set the location of the remainitecgon. We will be using the values given in
this section to compute some of the quantitiesrginmesection 2 for consistency checks.

In section 5thespectrum section, the data requested are summarized below:

Ne
X-axis: energy (in eV),
spectrum units: erg/s/CreV;

Ar, ArTD, W
X-axis: wavelength (in A),
spectrum units: erg/s/Ch;

The spectrum for the present optically thin case®gquested per unit volume. The required data
are bound-bouncey,>, free-bound<gm>, free-free<gs> and total<g> spectra. The field
<count> specifies the number ¢ivavelength, spectrajpws which follow. For the W cases, a
section in the spectrum file that describes totactra should be followed by a section
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containing bound-bound spectra for the most popdlain stages (with relative ion populations
POP(W)/POP(W)> 10°).

Finally, the line broadening should be natural+Oepfor all cases.

Example of a spectrum file for W:

;pectrumZ w21 2501

1.000e1 1.000e-15  1.000e-16  2.500e-15  3.600e-15

1.002e1 2.000e-15  2.000e-16  5.000e-15  7.200e-15

6.000e1 1.000e-15  1.000e-16  2.500e-15  3.600e-15

spectrumW 45 46 47 48 49

1.000e1l 1.300e-16 1.700e-16 2.000e-16 5.000e-16 0.0 00e-16
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